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SPRAY COOLING OF SIMULATED DROPPED IRRADIATED SLUG ASSEMBLIES

IN”fRODUCTION

A mechanism has been postulated for dropping an assembly containing slugs
from the discharge machine during reactor discharge.(1) This memorandum
provides calculational procedures and experimental bases for calculating
maximum temperatures in a dropped S1ug assembly when it is being cooled by
the existing emergency spray system.

SUMMARY

A spray system is available in the reactor room for cooling an assembly dropped
during reactor discharge. Experimental work and calculations show that this
system can provide sufficient cooling to prevent gross fission product release
in a nominal I,lark31A assembly dropped onto the reactor room floor! For an

assembly operating at its discharg;1-~
power 1ii~]it(29kw) and cooled by minimum

4
measured spray density (0.2 gpm/ftL)*, calculated maximum inner S1ug tempera-
ture is 4700C. This compares to an experi~entally determined limit of 7000C

~ ~ ——-*Maximum SIug temperature is insensitive to Spray density for spray densities
above 0.13 gpm/ft2 (Technical Standard Limit).
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for gross release of fission products (reference 1)..

Althou~h the experimental work was done with Mark 31A geometry (Mark 31A is
the only nested slug column operated at SRP at present), generalized calcula-
“ti’o’iialprocedures are provided for analyzing other concentric geometries which
are at least as massive.

Anomolies which COU1d lead to higher calculated temperatures include:

● misshapen rib tips

e undersized slugs suspended between larger S1ugs (ribs on the
smaller slug not in contact with the outer slug)

The probability of overheating as a result of these anomolies is small.

DISCUSSION

Background .

A mechanism has been postulated for dropping an assembly containing slugs
~;j;g:h~,’$eactorroom floor from the discharge machine during reactor dis-

An emergency spray system has been provided in the reactor room
to cool such an assembly. Table 1 shows measured spray densities at variotis
locations n the reactor room floor in P Area. Minimum sp ay density measured was

9“ ~~0.2 gpm/ft (a mlnlmum local spray de s“ty of 0.13 gpm/ft In the crane oper-
ating area is required by standards).!2’) The spray syste~ is periodically
tested and adjusted if necessary to provide the spray pattern required.

If a slug assembly were dropped and inadequately cooled, it could melt and
release fission products to the reactor room. For Mark 31 assemblies, the
aluminum cladding could melt at temperatures as low as 5770C (because of silicon
buildup during irradiation). However, the molten aluminum would alloy with the
uranium core to form a brittle crust which would remain as an ef
to fission product release unti1 the temperature exceeded 700°C.

{~$tive barrier
Thus, suf-

ficient cooling must be provided to 1imit metal temperatures in the assembly
to 7000C.

Calculations for slug assemblies presently used at SRP(l) have shown that the
existing spray system is adequate to prevent melting and fission product re-
lease for all assemblies. However, calculated cooling capability for a Mark 31A
assembly was marginal. (Mark 31A is the most severe case because it is the
only nested slug column presently used.) Calculated heat removal capability
was based on data from the literature not directly applicable to SRP assemblies
because test conditions did not duplicate conditions at SRP. An cyperimental
program was undertaken to better define heat removal characteristics of the
spray cooling system.

The experimental program consisted of separa~e test series to define:

3 heat transfer between the water spray and the Mark 31A outer slug
column



7“--””,,...
.)

I 1.
(r, ‘

*

.’~.
./

*

~%

..’

.

‘r)

.
...+

..

s{

6! ~,
.,

G. F. MERZ -3- DPST-75-270

● internal heat transfer between inner slug CO1umn and outer $.1ug
column

The two separate test programs are discussed individually.

I. External Heat Transfer - Spray Cooling Outer Slug

Test Apparatus

The experimental apparatus used to study the interaction between the water
spray and the assembly outer surface is shown in Figures 1, 2, and 3. The
test assemblies were made from hollow stainless steel (Type 304) tubing
with outside diameters of 1, 3, and 3:7 in. (Outside diameter of Mark 31A
slugs is 3.7 in.) The tubes were electrically heated using the HTL recti-
fiers as a source of OC power.. Electrical connections were made by bolting
bus cables to steel plates welded to the tube 10 ft. apart, as shown in
Figures 1 and 3. Less than 5% of total test section power was generated
in the clamps.

The metal surface temperature was difficult to measure because of high
‘“ electrical currents flowing through the tube. Type J (iron-constantan)

thermocouples with insulated stainless steel sheaths were passed through
0.125-in. holes in one wall of the tube and pressed against the inside of
the opposite wall. The thermocouples were bent S1ightly so that contact
would be maintained as the tube expanded when heated. The thermocouples
were fixed in place, and the entrance holes sealed with silver solder:

Four to six thermocouples were used on each tube. Two were placed in the
center of the tube length, one of these at the top of the tube (nearest
the spray nozzles) and one other on the side 90 degrees circumferentially
away. The other four thermocouples were about 3 feet to each side of the
central pair, one of each pair against the side of the tube and the second
against the bottom of the tube. The thermocouples were far enough away
from the bus connections to be in the area of uniform heat generation and
also subject to the same spray density which tapered off S1ightly toward
each end of the tube. Temperatures measured were corrected for the radial
temperature gradient through the wal1.

The spray system (Figure 2) consisted of a manifold with six nozzles spaced
24 in. apart, The first and last nozzles were directly above the bus con-
nections of the test section. The system was intended to simulate as
closely as possible the spray pattern that WOU1d be experienced by an assem-
bly lying horizontallY on the reactor room floor. The primary parameter
of the spray was the spray density at the floor, with droplet size and
droplet impact velocity held constant.

●

The spray density in the reactor process’room is periodically measured by
placing about 100 buckets uniformly around the reacto”rroom floor, operating
the spray system for a given time, and then recording the quantity of water
in each bucket. By this method, a range of densities from 0.2 to 1.0
gal/(nlin-ft2)was measured. Nozzles in the laboratory mockup were selected
to give the same range of spray densities at the floor as measured by the
same technique. Qualitatively, these spray densities have an appearance
ranging from a 1ight rainfal1 to a very severe tropical thundershower. The
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spray shown in Figure 3 was about 0.2 gal/min-ft2, the lower end of
the range.

Three sets of nozzles made by Spraying Systems Company were used in the
_....-...tests.The nozzles were designed to.deliver a square spray pattern with

good distribution throughout the square pattern. The spray cones over-
lapped when arranged in a row as shown in Figure 2, and delivered a
reasonably uniform density along the 1ength of the tube. Although each
nozzle type could deliver spray at the full range o.fdesired densities,
use of three different sizes permitted each nozzle to be operated in a
range to give nearly equal mean drop et velocities.

J
Smal1 nozzles were

used for sprays less than 0.2 gpm/ft , medium size for 0.2 to 0.4
gpm/ft2, and the largest nozzles for high spray rates. Droplet impact
velocities were calculated to be typical for raindrop terminal velocities
(20 to 30 ft/see).

Total water flow to the nozzle manifold was measured with a calibrated
metering orifice upstream of the manifold. Spray water temperature was
measured with an iron-constantan thermocouple. Water temperature typically
varied from 18 to 22°C during a test. Because room temperatures were in
the same range, the analysis assumed that the spray water temperature jdst
before impact was the same as that measured in the pipe: i.e., no heat
transfer between air and water, and no evaporation in the fall from nozzle
to floor.

r,,

.

?

Procedure

The procedure followed to obtain steady state heat transfer data consisteal
of establishing a known steady spray on a test cylinder, increasing the
heat generation rate in steps, and recording metal temperatures when a
steady state was attained when al1 metal temperatures remained constant
for at least one minute. Total current flow and voltage drop across the
tube were read and recorded for calculation of heat generation. Power
was usually increased in steps of 10kw for each tube and spray rate.

At low powers, where indicated surface temperatures were well below 100oC,
the entire tube was covered with a film of water, and the main cooling
mechanism was by liquid film convection cooling. As heat generation in-
creased and temperature approached 10O°C, evaporation became more important,
and with further increase in power, patches of the tube surface WOU1 d
briefly dry out and rewet, primarily o.nthe underside of the tube. When
one or more patches remained dry for too long, that area of the tu
heat up rapidly beyond the Leidenfrost point*, approximate y 250°C

~~)would

become overheated.
, and

The test series for each spray rate was terminated when
an area on the tube became red hot. The average wal1 temperature just
beyond this dryout was usually 110 to 1250C. *

For transient tests, the tube was heated at constant puwer to various
initial surface temperatures before the spray was turned on. Typically

*The Leidenfrost point is the temperature at which a drop of water will no
longer wet a surface.
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.J the surface temperature continued to rise even after the spray was
started; but after the surface was wetted by a water film, the tempera-

. ture decreased rapidly toward a steady value equal to that for steady
state tests at the same power and spray density. Wetting was rapid at

k initial surface temperatures below the Leidenfrost temperature, as would
be expected. When the initial surface temperature was above the Leiden-
frost temperature, spray cooling was ineffective, and tests were termi-

$ nated so that the heater tubes WOU1d not be destroyed.
.;

Data Analysis and Risults

Steady State Tests

The primary heat transfer mechanism for cooling the steel tubes is
liquid film cooling with evaporation on the tube surface. Overall
heat transfer coefficient h was computed from the data according
to the definition:

(1)

where q is the total heat generation; A, the total cylinder surface
area between bus connections; T , the average outer surface tempera-
ture; and Ts, the spray water t~mperature. Outer tube surface

. temperature 1
Y

is the arithmetic average of the thermocouple measure-
,. ments, correc ed for the temperature gradient through the tube wal1
r., with a solution to the one-dimensional heat conduction equation:

I

(2)

Where ~ is specific heat generation, pcu/ft3; ~ is thermal con-
ductivity of the metal. This calculation is based on no heat flux
from inside wall of the tube. Heat transfer by radiation and con-
vection from one section of the interior wall to another.is calcu-
lated not to cause errors from this assumption greater than the
overall experimental error of the data. As a further check, a ther-
mocouple was positioned in the center of the 3-inch tube in one
series of experiments to indicate inside air temperature. Air temp-
erature always agreed with wal1 temperature within 3°C after steady
state temperature was reached.

Generally, the measured surface temperatures agreed to within ‘lO°C,
., with thermocouples in a pair usually agreeing to within t5°C. Obser-

vation of the spray density suggests that differences of flO°C be-
tween pairs of thermocouples were due to variations in the spray
density along the tube length rather than thermocouple errors orz: azimuthal location. At low powers, where cooling was entirely by
liquid film, systematic differences between thermocouples on top,
side, and bottom were apparent, with the topside thermocouples the

-,...
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+

coolest. At higher powers, differences in thermocouple reading,
were erratic, and no azimuthal trend could be consistently dis-

:) cerned.
>

Figures”4, 5, and 6 show heat transfer coefficients plotted
,. against averaged differences between tube surface and spray water+ temperature for various spray densities. The coefficient increases.,

with spray density and temperature difference as expected. The
Nusselt number (hD/k) calculated using the diameter of the cylinder
and thermal conductivety of water, K, is plotted in Figure 7 against
a parameter combining spray density and temperature difference:

SO To - Ts (3)
~ Tsat - Ts

where S is the spray density, D is the tube diameter, v is the
kinematic viscosity of water, and T is the saturation temperature
of the water (lOO°C in all of theses~~sts). Curves representing
data for the two larger tubes are close together whereas the 1 in.‘
tube is considerably lower (Mark 31A outer diameter is 3.7 inches).
Data were not obtained for tubes with diameters between 1 in. and 3 in.

.
.

,.,

.?.

.

i.’

‘, /,

The limited data suggests that the Nusselt number varies as D3’4. The
v’ ratio of droplet spacing at impact to the tube diameter should be a

factor in the 1arge increase in heat transfer between the smal1 tube
and the larger ones. For given nozzles, spray pattern droplet
spacing could be represented by some mean value, more or less fixed,
so that increasing tube size would offer an increasing interception
area. (The mean droplet spacing was not determined, but is estimated
to be about 1 in.) The increase in heat transfer rate would not
necessarily be linear because of complicating factors such as tube
curvature and splatter from droplets striking the floor adjacent to
the tube.

The uncertainty in the use of the curves in Figures 4 through 7 is
indicated by the scatter plot of Figure 8, showing h derived from the
basic data against h determined from the smoothed curves of the
figures. For a spray system with characteristics similar to the one
used, the probable error from predictions with these data is ‘20%.

Transient Tests

Figure 9 is representative of results of transient tests, in which
the tube was heated at constant power to various initiak temperatures
before spraying began. The results indicate the Leidenfrost point is
a reliable guide to the ability of the spray system to arrest the
temperature rise. As shown in Figure 9, the tube was quickly cooled
at 21, 29, and 40kw (total heat generation) when the spray was initiated
at 2000C surface temperature, wel1 below the Leidenfrost temperature
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(257 flO°C).(3) Current procedures l’imitdischarge power for
Mark 31A to 29kw or less. If the sprays are turned on before the
Mark 31A slug surface temperature exceeds 200°C the slugs will be
quickly cooled:

Data at higher surface temperatures show some temperature overshoot
before enough wetting occurred to provide satisfactory cooling. Re-
wetting occurred in patches, which slowly grew to cover the whole
tube, first along the top where the spray impacted d’irectly, then
around toward the bottom. When the tube surface was pre-heated to
3000C, the water spray could not cool the tube. For the curve
labeled 20kw in Figure 9, it first appeared that the tube would be
cooled because patches of rewetting began to appear 1 to 2 min. after
starting the sprays. However, the patches did not grow, and after
6 to 8 min. most of the tube reached 6000C. At 31kw and 300°C, the
water spray did not wet the tube, and temperatures continued to rise.
Higher spray densities were able to cool the tube at higher heat
generation rates, but the initial surface temperature relative to
the Leidenfrost temperature remained the determining factor.

II. Internal Heat Transfer - Inner to Outer Sluq

Test Apparatus

A cross-section of the test assembly used to study heat transfer between
inner and outer slugs for a horizontal Mark 31A is shown in Figure 10. The
assembly consists of.a stainless steel heater wrapped with fiberglass cloth
and surrounded by a concentric S1ug CO1umn made of Mark 31A inner S1ug re-
jects. The slug column is housed inside a water jacket of the same inner
diameter as a Mark 31A outer S1ug CO1umn. Tests were conducted in the
Fabrication Laboratory, 8uilding 773-A.

A schematic of the test section and instrumentation is shown in Figure 11.
Electrical (DC)’power was provided to the heater tube by a 900 ampere
Lincoln welding generator. Current and voltage output from the welding
generator were measured to obtain test section power. The test assembly
itself was contained inside a stainless steel box to reduce any potential
radioactivity release from the Mark 31A slugs. Negative pressure was
maintained inside the box by means of a HEPA filtered vacuum clcaner.

Building hot water flowed into the water jacket where it was heated by
the test assembly before being passed into the bui”lding storm sewer. Water
flow was measured With a rotometer. Water outlet temperature from the test
section was measured with an iron-constaritanthermocouple placed just out-
side the containment box; outlet temperature varied from ~55°C-750C for
the tests. Inlet temperature was measured at several times during the test-
ing program at zero power and found to be constant f~r a given set of
conditions within W0.3°C.*

S1ug temperatures were measured during the tests by iron-constantan thermo-

*Inlet temperature was found to be a weak function of test section flow. Further-
more, building hot water temperature (and thus test inlet temperature) was reduced
wIOoC part way through the test program as a means for reducing energy consumption.
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couples peened into the top part of the slug cladding. The thermocouple
signals were transmitted to calibrated Brown strip chart recorders for
readout.

Procedure

Test procedure consisted of establishing a constant power input to the
test section and measuring steady state flow and temperature. Because
of the massive S1ugs, several hours were required to attain steady state
for some of the tests. Measured flow and temperature difference for the
coolant were used as an independent check on test section power. Energy
balances were reasonably consistent for most of the tests.

Tests were run for the following conditions:

a Slugs with full fibs, oriented vertically

e Slugs with full ribs, oriented at 45° to the vertical

e S1ugs with 45??of each rib removed*, oriented vertically

Raw data (including energy balances) are listed in Table 2. Inner to
outer slug temperature differences are plotted against test section power
in Figure 12. Outer slug temperature is taken as the average of inlet
and outlet temperature in the water jacket. Average water jacket tempera-
ture was *60°C for most of the tests and showed little variation compared
to inner 51ug temperature.

Note that all the data in Figure 12 flatten out above 400°C inner/outer
slug temperature difference. This corresponds to an inner slug tempera-
ture of around 460°C. Analysis of thermal expansion in a nominal Mark 21A
inner slug shows that all ribs WOU1d expand into contact with the water
jacket at a temperature of 465°C. Thus, the flattening of the data in
Figure 12 is attributed to increased rib contact as a result of thermal
expansion.

Data Analysis and Results

Heat is transferred from inner to outer S1ugs in a horizontal Mark 31A
assembly by three mechanisms:

1. Conduction through spacer ribs

2. Conduction/convection through the air gap which separates
the slugs. ●

3. Radiation

*Ribs are normally 5-1/2” 10f19.For the part rib tests, two coupons (each
1-1/4” long) were removed from each rib on the slugs.
‘,-.,.’

.,-,:’:,..
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The largest contributor to total heat trarisferis metal conduction through
the spacer ribs. The largest resistance to heat flow through the spacer
ribs is at the interface between the rib and the water jacket.

Because of the metal microstructure, the area of intimate, metal-to-metal
contact is only a small fraction of the total interface area. Further-
more, metal-to-metal contact area (and thus effective heat transfer co-
efficient) is a fairly strong function of interface pressure and tempera-
ture. Test data were used to obtain the variation in interface heat
transfer coefficient with inner slug temperature. The variation in heat
transfer coefficient with interface pressure was not determined during the
tests. Thus, test results should not be applied to inner slugs which are
appreciably less massive than Mark 31.A.

Tests were run with ribs oriented vertically and at 45° to the vertical
to determine worst case conditions for heat transfer. The data (Figure 12)
show no appreciable difference between the two cases. This is probably
due to compensating effects from rib contact area and interface bearing
pressure.

To determine heat transfer coefficient at the rib tips, the difference in
heat transfer rates between slugs with full ribs and slugs with part ribs
was analyzed. Summing up the contributions to heat transfer for the case
with full ribs, gives:

Qf = HfAfATf + Kair ~ ATf + hf ~f ATf +U~f, Fe FA
+ of
-,

~~~ [~: -f$”;.] (4,”

.. . ..—.

Where the first term is the contribution from rib conduction, the’second
is the contribution from air conduction, the third is the contribution from
convection, and the last is the contribution from radiation.

A similar summ~tion for heat transfer with,part ribs gives:

‘ Qp =‘PAP*TP+ ‘air “~ *TP + hp ~p ATP + ~a

P ., F@ Ff+[&: ~~,;] ‘5)

The notation used in equations (4) and (5) is:

Q = total heat transferred, .pcu/hr°C

1{ = effective heat transfer coefficient for rib ‘
conduction, pcu/ft2-hrOCY:

A = heat transfer area at rib tip, ft2

, ,?, K = thermal conductivity of air, pcu/ft-hr°Cair
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= effective heat transfer area for air conduction,
convection, or radiation,* ftz

= thickness of channel, ft

= heat transfer coefficient for natural convection, pcu/ft2-hrOC

= Stephan-Boltzman constant, 1.0 pcu/ft2-0C4

= emissivity factor, dimensionless

= shape factor, dimensionless

. metal temperature in inner slug, ‘c

= average temperature of water jacket, Oc

=T-Tc, OC,H

Subscript f refers to heat transfer with full ribs and p refers to .
heat trar,sferwith part ribs.

If data are taken at constant inner/outer slug temperature difference, then
ATf = ATP = AT in equations (4) and (5).. Furthermore, since Tc is nearly
constant for all the tests,

With these assumptions, equations (4) and (5) can be solved for Hf to 9ive:

;H =,f – ~~f - ~j - (faf” ‘,hp~pj - “uFeFA”(~f-~pJ
H~+Qf-QP-Kair ~

f AT Af Af
—. .,_.,._~p:f ~

4
_...— .... .

& (6)

AT Af

A detailed analysis using equation (6) has been made to determine the lower
bound on Hf by minimizing positive terms on the right and maximizing nega-
tive terms. The analysis is based on the following assumptions:

> eH = Hf. This gives the minimum possible value to the first
t~rm because increased bearing pressure (as a result,of removing
part of the ribs) makes Ho > Hf.

, ?

,*Because the annulus is thin, effective ,heat,transfer area is assumed the
same for all modes of heat transfer other than rib conduction..,:,
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t
● hp = hf. This gives the maximum possible value to the fourth

term. Actually, hp > hf because the ribs inhibit natural con-
vection patterns. The value for h is obtained from DG Standarcis,

;~,
● -E =FA=l. O. This -is the maximum theoretical value for

tfiesetwo parameters. A value of Fe equal to 1.0 is only
b possible for radiant exchange between two black bodies.

( )Tc 4 ‘4.
@ is neglected when compared to

(]
‘H . This leads to

m m
a conservatism of ~10% on radiation heat transfer. However,
because radiation is a small contributor to total heat transfer,
the overall error is smal1.

The resulting values for heat transfer coefficient are shown in Figure 13
as a function of inner/outer S1ug temperature difference.

A reasonable upper bound on heat transfer coefficient at’the rib tip can
be calculated by assuming heat transfer by rib conduction only (i.e., the
last three terms in equation (6) are set to zero). The resulting upper
bound values are *13% higher than recommended values based on the lower
bound.

.
III. Application “toSRP Assemblies

To calculate inner S1ug temperature for a dropped reactor assembly, it. is necessary to correct for:
.

e Temperature gradients in a Mark 31A outer slug which COU1d be
greater than those in the water jacket.

e Aluminum oxide films which could be thicker on the reactor
assembly than on the test assembly.

This section presents corrections for these two effects as wel1 as a
procedure for calCU1sting inner S1ug temperature in a dropped Mark 31A
assembly.

Temperature Distribution in the Outer Slug

Temperature gradients in a &lark31A outer slug would be substantially higher
than gradients in the water jacket used during the tests for inner/outer
slug heat transfer. An analytic solution for the temperature in a clad
Mark 31A outer slug is presented in Appendix A based on: ,

@ No heat generation in the outer slug

o Total heat transferred through a single rib

e Constant temperature on the outer surface of the outer S1ug

Figure 14 shows maximum temperature (directly beneath the rib centerline)
in the Mark 31A outer slug as a function.of inner slug power based on the
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calculations from Appendix A. At the discharge cooling limit (773
watt/ft in the inner slug), inner S1ug temperature could be 165°C
higher than measured during the test.

Aluminum Oxide

Surface oxidation of the aluminum cladding in a reactor assembly COU1d
also result in higher resistance to heat flow through the ribs than
measured during the tests. Although surface oxide thickness was not
measured on the test assemblies, a conservative estimate of increased
temperature has been made.based on:

● No oxide film on the test assembly

e Maximum oxide thickness of 0.06 roilsfor an irradiated
assembly*

● Thermal conduct

Under these assumptions
(at the rib tip) is

A?Oxide = 4

Where:

vity for the oxide of 1.25 pcu/ft-hr°C

the temperature drop across the oxide

604 Pinner

Mark 31A

film

(7)

P. = linear power density in inner slug column, kw/ft. Thus, at
t~~n~fscharge power 1imit (0.773 kw/ft generated in the inner S1ug),
the temperature drop across the oxide film is a maximum of 3.7oC.

A Sample Problem

To illustrate tiseof the data, a sample problem is solved below:

Given: MK-31A OD = 3.7”

Power = 29kw

Axial peaking = 1.4

Maximum heat flux = 6030 pcu/hr-ft2

Tspray = 0.2 gpm/ft2

Required: Surface temperature and maximum internal temperat~re

*Based on oxide thickness in autoclave. This is the maximum during the
irradiation.
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Outer Sluq Surface Temperature

The outer surface temperature may be estimated from the data of Figure 6
by the following procedure:

a“.- Estimate Twal,

b. Compute (Twal, - Tspray) = AT

c. Find h from data (Figure 6)

d. Compute heat f1ux = h.AT

e. Adjust estimated Twa,, and repeat unti1 calculated heat
flux equals given heat flUX.

Numerically,

Est. Twall AT h q/A)calc
,—

.

75 93 6975 high
55 68 3740 1Ow
65 79 5293
68 83

close
5644

70 86
closer

6020 Close enough

is 950C. This value will be used to compute the
temperature.

Inner S1ug Temperature

Maximum inner S1uq tem~erature for the Mark 31A assembly can be calculated
from the equation; below:

Pinner = K air.
302 ‘n ‘2’r3

hiAibArib,L

inner - TIS) + 1896 (T.1nner -.TCOR) (8)

~ r22,=T+~
‘Is w

~
(r12 - r22) - — in rl/r2

2$2 (9)

‘COR = ‘CL + ‘oxide (lo)

where

i = specific power in outer slug, pcu/ft2-hr

I % = thermal conductivity of outer S1ug, pcu/ft hr ‘C

,
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‘1 = radius of outer surface, inner slug, ft

r2 = radius of inner surface, outer slug, ft

r3 = radius of outer surface, outer slug, ft

Tw = average temperature

TIS = average temperature

‘CL = temperature beneath

of outer surface, outer slug, ‘C

of inner surface, outer 51ug, ‘C

rib centerline (Figure 14), ‘C

‘COR = centerline temperature corrected for oxide film, ‘C

AToxide= temperature correction for oxide film - equation (7), ‘C

Tinner = metal temperature in inner slug, ‘C

hrib = overal1 heat transfer coefficient for rib conduction (Figure 13),
pCu/ft2-hroC

Arib = heat transfer area at rib tip for contact by a single rib, ft2

L = assembly length, ft

K ~ thermal conductivity ofair

P.
inner = 1inear power density in

air, pcll/ft-hr°C

inner slug column, kw/ft

No credit is taken in this analysis for heat transfer by radiation or
by natur~l convection.

Appropriate numerical values for Mark 31A are:

%

r,

r2

r3

L

Kair

= 17 pcu/ft2 - hr ‘C

= 3.70 in = 0.308 ft

= 2.59 in = 0.216 ft

= 2.22 in = 0.185 ft

= 13.08 ft

= 0.025 pcu/ft-hrOC

Furthermore,

i = 1896.

~ can be calculated

Pouter

~(rl2 - r22)

I

rom
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where Pouter is the linear power density in the outer slug, kw/ft.

The value for A,.ibis calculated assuming contact by a single rib on
each slug.* Each rib on a sluq is 0.060 inches wide bv 5.5 inches lona.
Furtherm~re, there are 18 inne~ S1ugs per Mark 31A ass~mbly. Thus, “

0.060) (5.5)
Arib = 18 144 = 0.0413 ft*

A step by step procedure for calculating Tinner fol10WS:

1)

z)

3)

4)

5)

6)

7)

8)

9)

Oetermine Tw from the previous section. (For this problem, Tw is 95°C).

Oetermine Pinn r and P corresponding to 29kw total assembly power.
For end of cyc~e condi%~~fi~,the inner S1ug generates 24.9% to total
Mark 31A power and the outer slug 75.1%, Applying a factor of 1.4
for axial peaking gives:

P.Inner = 0.773 kwfft .

P = 2.33 kw/ftouter

calculate ‘rISfrom equation (9). For this problem TIS = 101°C.

‘etermi‘e ‘CL from Figure 14 at the appropriate value of Pinner.
For this problem, Pinner is 0.773 kw/ft.

Thus,

‘CL = Tw + 165°C

‘CL = 260°C

Adjust TCL for oxide film according to equation (10). For this
problem TCOR = 264°C.

Assume a value of Tinner.

Determine hrib by entering Figure 13 at the assumed value of Tinner.

Calculate Pinner from equation (8) and compare to the gi,venvalue
(0.773 kw/ft from step 2).

Adjust guess on Tinner and repeat steps 7 through 9
●

until desired
accuracy is obtained.

*This is not a conservatism but a necessary result of the way hrib is defined.
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The following table 1ist,sthe results of several iterations for the
problem posed:

Iteration Number Assumed Tinner h P.1nner

500
:.

1730
;

0.893
400 1470 0.493

3 450 1600 0.682
4 470 1660 0.770

.,

.,

Calculated P.nner from ite~ation 4 agrees within 1% with the given vallje
of 0.773 kwf$t. Thus, maximum inner slug temperature for the problem posed
is 4700C.

Maximum slug temperatures for other discharge powers and spray densities
are shown in Figure 15. Maximum slug temperature is relatively insensi-
tive to spray density because the temperature drop from outer surface to
spray is a smal1 contributor to overall temperature drop.

Anomolous Assemblies
.

Tests were run with assemblies containing nominally shaped ribs (0.010”
radius at tips). It is possible to postulate other rib shapes which would
reduce heattransfer area for rib conduction and thus increase metal temp-
erature. However, irradiation of such misshapen ribs is unlikely.

Another anomoly which could result in increased metal temperature is de-
creased rib circle diameter. Nominal diametral clearance between the inner
slug ribs and the outer slug is 30 roils. However, because of fabrication
tolerances, diametral clearance may be as much as 40 roils. Thus it is pos-
sible for an undersized slug to become suspended (on the inner housing)
between two oversized S1ugs. For worst case tolerances, the undersized
S1ug could reach 6000c before thermal expansion forced the ribs to con-
tact the outer surface. This condition is unlikely because sagging of the
aluminum inner housing would probably allow rib contact at much lower
temperatures (the melting point for pure aluminum is m6600C.)

Furthermore, in the unlikely event that cladding should melt (as the
result of these or other anomolies), the molten aluminum WOU1d bridae the
gap between inner and
clad melting, however

outer slugs and greatly enhance heat transfer: Thus
unlikely, is inherently self limiting.

*
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FIGURE 9. Typical Transient Cooling Tests
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Assembly
Tests

/’-- water jacket

/ “x” Fair ‘a’

\.\,

-..
. . ......._.-.---’ ‘\\

rib

.,

Dimensions:

Water Jacket
OD 4.01 in.
ID 2.59 in.

Inner Slug
OD 2.22 in.
ID 1.25 in.

Steel Heater
OD 1.00 in.
ID 0.87 in.

inner slug

fiberglass insulation
steel heater

.



.’ .

,.,

,,,

.,

..<

.

,,
,.

“(t.

.“

CL
c

DPST-75-270



1.

60,0

500

400

300

200

100

0

DPST-75-270

FIGURE 12

Data from Tests for Internal Heat Transfer
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. . . .
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oriented vertically

oriented at
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Figure 14

Maximum Outer Slug Temperature in,Mark 31A Assemblies
. From Calculated Gradients (Temperature aradients for
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other assemblies can be calculated usin~ equations in
Appendix A).

“o G.5 1.0 1.5

Inner Slug Column Power,

Nomenclature:

‘CL = temperature
(maximum in

directly beneath
the outer slug),

2.0 2,5 j.o

kw/ft *

the rib centerline
Oc

at the outer surface of the outerTw = temperature
slug - assumed invariant with position, oc

. . . .. . ..’ ..,,
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Figure 15

Calculated Maximum Slug Temperature in Mark 31A Assemblies I
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Sprag Density, gpm/ft2

* Calculations based on an axial flux peaking of 1.4.
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Table I

Spray Floor Coverage
P-Area - 12/12/74

Measured (9Pm/ft2)
& ~

Crane Operating Area (73) .692 .192

Outside Crane Operating (39) .490 .243

All.Buckets (112) .618 .192

DPST-75-270

=red
~. ~n—.

.18

.10

.312 -
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Tabulated Data for Internal Heat‘Transfer

Test*

)!
3A
4A
5A
6A
7A
&A
9A
18
28
3B
4B
5B
6tI
7B
8B

;:
3C
4C
5C
6C
Jc
8C

1X
llC
12.<

SLUG lWP”iRi TUO. E GUTL:T INLET FLOW VOLTAGE CURRANT HEAT GE NER.
. TCI

lNNER/OUT?R SLUG”” EN EP.GY-—
TC2 .. TEMPEKAT}JRF.. TEMPERATURE GP!4 .. V13LTS AAPS . RAT E, Kti/FT _.. TEMP. DIFFERENCE BALANCE, %

365. 356. (76.0 56.0 2.4 13.0 520. 0.845 299.5
2LJr2. . .. . . 275. .

6.3
(,1.7 ..-..-. 54.5 ,-. 2.0 _.. 9.4 _-.. 3’95. ..– . . 0.464 ._––.. -.-.,.... 219.4 . .._. .-2.4

400. 3s0. 72.0 54.5 2.0
. . ..5120 ._--494.-_L___

15.0 60c3. 1.125
70.5

331.8 -2.7
—..57.5—-. Q.___20_70 ..7... _800. _

4T0.
2.070. ..433.0 —.

460. f,b. s
o.5_

57.0 +.8 18.0 670. 1.507 403.3
61. ? . . . . . ,57.0 —.. 4.8 .– 19.0 _- 705 . . .. . . . . .. 1.674 – ..—. —.._. 422.6 . ..– - .._,

0.2

6/+.3 57.3
-1.2

4.8 15.5 530. 1.124” 342. W -2.9
(!3.5 . . ...54.5 . 2.0 . . 11.0..... 44(3. ,,. . 0..505 . . . .. .. . . 245.0 . . . . 1.8
57.0 54.5
5.r. o

2.0 5.0 225. 0.141 139.3 -17.3
.. .. .. ..–.–... 54.5 ..—. z. 1 . . 5. o___ Z4!J ..___._o. 150. 90.3 .__._.._ .-l5.5

71.5 54.5 2.0 15.5 580. 1.124 372.5 3.2
?1.0 . . 54.5 . 2 .0.-.. 18.0 . . . . 680. .:... 1.530 ,._.._.– . ..__.. 417.8 . 2.9
6T.5 5>.5 2.0 13.0 510. 0.6,?9 29f3. O -3.5

. . . 6Yf3. .. . . . . .. 4e3. _ ._.
410. 397.

. 310. ... . . .. 291J. . . . .
197. 193.
147. . ..—.. L45. . . . . .
457. 43+.
485 . .. .. 462.
360. 35ti.
21(3. . 265.
525. 515.

61.2 54.2
73.0 57.5

2.4 10.0 400. . .. ... . 0.500 .. . . . . . . .. .. . 209.9
4.8 21.0 7Ao. 2.067 456.3
2. L . . ...13.2 . 520.,____ 0. L?5B _.____ 296.9
1.8 5.0 230. (7.144 Q5.9

-7.7
3.3

..2. _.. -82.2 ● *
-5T. O *,

-6.2
3.7

.— 1.8
,6.9

----- . 2.3
‘8.6

...........-32.0 **
-20.0 **

.-20 .3**
-11.2**

.—.._- ....9 .5
?..?

370. .. ...– 355. . .
150. 15, ,.
25(T. 259.
432. +~(,.

7r.o __ .. .. 5*.2
58.0 54.2
58.5 54.0
66.5 54.0
75.5 .-. 54.0
09.0 57.5

4fd5. 465.
515. >16.
42?. . . . 4<).

4,6
.-.– 4.8

2.0
2.1
2.0
4.8
4.%

.4.8
4.8

24,2 620. 1.875 452,3
.15.5 .—-. 410... -—... 0.794 ..—–—___ 368.5

11,7 3213. 0.468 299.1
7.0 ..– 210. . . 0.184 ..,..-_ –..—. -. 164.3
7.0 223. 0,192 154.3

22<0 ...-..455. .. ..._...25L 5____________ 425.3
10, J 2U5. 0.356 218.8

.... . ...14.0 _......37O...___...0.64b ....___ 349. b
18.0 455. 1.024 424.5

62.4,...:...-., . . .. . . 5,,. ,,57.5
f. 1.7
57 .5.,, 5,,.0
57.5 54.0

355. 35.1.
220. 2’?[).
205. 215.
4( JO. .495.
27d. 276,
420. . . ...639. . .
485. 41?5.

67.0 . .57.5
5Y.5 57.0
111. z . . . . ...... . . . . 57.5
63.5 57.5

.

.

● ‘eyA - Tests with
B - Tests with

oriented vertically.
oriented at 45° to vertical.
rib removed - oriented vertically.

full ribs -
full ribs -
45% of eachC - Tests with

measured flow temperature. Slug temperature
at similar conditions.

** Probable error in
inconsistent with

or
other data taken
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APPENDIX A

CALCULATIONS OF TEMPERATURE DISTRIBUTION IN THE
MARK 30A/MARK 31A OUTER SLUG

.=

Nomenclature

Do =

Di =

6 .

!3=

L=

t .

s. =

$ =

K=

T=

TO’=

1’ ~J =

n .

outer diameter of slug, ft

inner diameter of sl’ug,ft

1/2 rib width at tip, ft

length of rib per foot of slug length, dimensionless

1/2 arithmetic mean circumference of slug (defined in text), ft

total thickness of clad slug, ft .

distance from outer surface of clad slug to interface between
bare slug and inner cladding, ft

heat flux through rib, pcu/ft2-hrOC

thermal conductivity of metal, pcu/ft-hr°C

metal temperature in slug, Oc

outer surface temperature of slug, ‘c

transformed temperatures (defined in text), ‘C

a positive integer

Region subscripts/superscripts

I refers to

11 refers to

the uranium core (bare slug)

aluminum cladding

.
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This Appendix sununarizesthe mathematical analysis used in obtaining temperature
distribution in the Mark 30A/Plark31A outer slug. A sketch of the Outer slu9
(transformed to rectangular coordinates) is shown below: .

x

The following approximate transformation equations were used:

,,:
,~i_~ n@+DL~j2

The following assumptions were

1) no heat generation in

used in solving the problem:

the outer slug

2} all heat transferred to the outer slug through a single rib
,~.,!’, ,,. ,,

3) constant temperatureTo at the slug OD (Y = 0) ‘‘‘ .’,, .;~~>
“. L

lines

f.,

,.,> The slug is divided into two regions representing the uranium core and the aluminum
clad. Under the assumption of zero heat generation in the slug, the ~overning
differential equations are:

,$> .:

(region 1,representing the uranium core) (1A]

@p 0
(region 11 representing the aluminun clad) (2A)
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AQalysis is simplified by the following
.,

-A3-

transformation

Applying this transformation to eqUatiOtIS (1.A

DPST-75-270

on temperature:

Boundary conditions on .T1and T1r are listed below:

1)

.

P 2)

~,
.,

. 3)

4)

5)

6)

7)

8)
.J

,,>,,4

(3A)

and (2A):
.

- (4A)

[5Aj

b

... ..’,
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“ Equations (4A) and (5A) can be solved by separation of variables to give the
~ following candidate solutions:

.
z ~ (a: & ~~x i-b: ti~ ~f “~~c~d V23 +~~ LOU-A;~i6A)Z+@ ,

where
an‘s, an’s, bn’s, Cn’s, and dn’s are to be determined

from the boundary conditions on , PS summarized below: “

,, which can be true for all y whenever I = 0 or a I = o. But ~ I = o. -
an n n

,’yields a trivial solution, Thl,sthe first boundary condition requires that

.

(1:=0

B.c.2- %(%+o (8A)

J TX
Evaluating -J—y at x = +L gives:

;
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. Thus the s’econdboundary condit on requires that
*

;
.>

. .
,,.,

,>,

T

This condition is satisfied if and only if

C@’~.T

or ~~ .

B. C.3- T(X) D)=CJ

Evaluating T (x,y)” at y = O and making use of equations. (8A) and”(9A):

Because b:

\

cannot be zero, boundary condi

J:’o

.

on 3 requ

(9A) .

res that

(1OA)

B.c.4- +<~:(o,y)=o

The same analysis used in applying the first boundary condition can be

used to derive: P

!3:=0
OTA)
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‘ <~(%L,Y]:QB, C.~-

Applying the same logic as for B. C. Z’

At this point it is

information derived

.
(12A) ~:’

convenient to rewrite equations (6A) and “(7A) making use of the
in equations (8A) through (12A).

(13A)

Furthermore,notation can be

Let:

simplified by the following

Then,

-zZ l-x
(15A)

●

—ZJ3,J) = q Cx+”+$
c-”

(3,,+.”? + Cn d“?) (16A)

I
,
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.7
— -@K,Jxl<;A7-,.. . ‘~ (x,&) = ?J ,B. C.6- 91 JX17F

-,‘“A Fourier series expansion can be found in reference 5 for the following
function: “

,.’
., wn~

fg)=>+%~$LiA ~ . “xl—C.&p,

,,
>

where,

if’the variable F, is transformed by

/
:NoJ if c and 1 are chosen such

Q.&-

p_. L

then B. C. 6 can be written
...

that

DPST-75-270

(17A) “““.’

.-. r (Note: that L7is negative as a result of
the problem, so that -!3is positive.)

. t

the sign convention chosen in setting up
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It is convenient at this point to use the following approximation:

.:B:cause 6,L ~ <,

This approximation
the original rigor

b Z-T
Evaluating -J;~

o-

wi11 be circumvented later in the development to return
to the solution.

(18A)

at y = t and using equation (IfjA)results in:

.,

>
“1.,-.,

. This implies that

,
from which

Ch
,-a-LLJ“-7+?

,, ..

which implies that

(20A) ;



from which, (21A)

,,

1

I

0

.? .,

,-. .

At this point all boundary conditions have been applied and the problem reduced to
solvin three linear equations in three unknown, viz. equations (19A, 20A, and 21A).

?The so utlon to these equations is:

c
~h’: ~h+. ‘a _

-L&4 “= 5/~ ●

It ~s.possible to circumvent the approximation that d/L < < i used in
der]vlng equation (18A) for ~.z

*(X>.:) ,

(24A)
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Define a variable r (x,Y) such that

Note that

V’rr=o
V’rm.: ~

Thus if rl and rll can be made to satisfy the eight
problem, the temperature distribution inside the slug
these variables.

+Li”

.

+ bz

DPST-75-270

(25A)

(26A)

boundary conditions of our
can be written in terms of

B. C. 1 and B, “C.2

3T* –
Note that -<– = ‘~~. so that boundary conditions 1) atid2) are

e%
both satisfied by rr.

..- .

But T1 (x>O) = O

Thus, if ~1 (X,o) = 0

●
(2.7A)

bl=a

B. C. 4 and B. C. 5

~o~e that J&.- . >%”&
,,;

so that bi$ndary conditions 4) and 5) are
2%. 7F

satisfied by TII.
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.

I B. C. 6

*
..

But note that

and B. C. 6 requires that

~“” ~omparing equations (31A) and (28A) “shows:

-. ,,

<’, Now if !I (x,s) = ‘II (x,s); then

.,,,
,: .

but T I and T ~1 are so defined that

—~(Y,s)~ -rm(x,~)

(28A)

,.. .,.
,._

(29A)

(30A}
,.

(31A)

(32A)
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i\~

Then,
,

.“

(34A)

Note then that ~1 and rll can be made to satisfy all eight boundary

conditions eXaCtly whenever equations [32A) throuah (34A) are met and b, = 0.

Furthermore, equations (~il) through (3.4A)are satisfied.by the following

equations:

(35A)

(36A)

(37A)

“ Thus solutions to the differential

boundary conditions 1) - 8) are
-,?
,.<, T=(x,’}) ‘-~ - ~+r.
*J- ,. ‘z -

where the An’s, Bn’s, and Cn’s are given by equations (22A) through (24A).


